Potyviruses belong to the supergroup of "picorna-like" viruses. The viral genome is a single RNA molecule of positive polarity of close to 10,000 nucleotides with a poly(A) tract at its 3Ј end. It codes for one large polyprotein which is processed into at least 10 mature proteins by three viral proteinases (Pro) (47) . The 5Ј end of the viral RNA does not have a cap structure (m 7 GpppN, where N is any nucleotide) but is covalently linked to a virus-encoded protein termed VPg via a tyrosine residue (39, 40) . VPg has several suggested roles in the virus life cycle. Interactions of VPg with the viral RNA polymerase in yeast (25, 33) and in vitro (15) support a role in viral RNA synthesis. Additionally, VPg has been implicated in overcoming resistance in plants (27, 35, 41, 42, 55) . VPg also performs a yetto-be-defined function in the nucleus. Indeed, NIa protein of tobacco etch potyvirus, a precursor form of VPg, has been found in the nucleus (10, 23, 46) , and mutations in the VPg domain resulting in the inhibition of nuclear transport debilitated viral genome amplification (54) . Recently, an interaction was shown to take place between the VPg of turnip mosaic potyvirus (TuMV) and the translation eukaryotic initiation factor (eIF) iso 4E of Arabidopsis thaliana (65) . eIF4E is a component of the eIF4F complex and binds the cap structure of cellular mRNAs (6, 36, 38, 43) . The cap mediates attachment of mRNAs to small ribosomal subunits, and the association is mediated by eIF4F (through binding to eIF4E) and eIF3 (38, 43) . The interaction between VPg and eIF(iso)4E suggests the participation of the viral protein in the initiation of translation of the viral RNA.
Initiation is the rate-limiting step of translation in eukaryotes, and eIF4E has a regulatory role in this cellular event (38, 43, 60) . In mammals, eIF4E is the least abundant of the initiation factors (13) , although this assertion has been challenged (45) . Its cap-binding activity is modulated by phosphorylation (62, 64) . It is also regulated by eIF4E-binding proteins (4E-BPs) (31) which, by binding eIF4E, prevent the formation of the eIF4F complex (21, 34, 44) . As a consequence, eIF4E plays an important role in the control of cell growth (58) . In Saccharomyces cerevisiae, disruption of the gene coding for eIF4E is lethal, and mutants with altered mRNA cap-binding affinity reprogram mRNA selection by ribosomes (2) . In mammals, overexpression of eIF4E has been shown to transform cells in tissue culture (11, 32) . Elevated eIF4E expression results in the selective increase of a few proteins whose mRNAs are normally translationally repressed, such as ornithine decarboxylase and cyclin (49, 50) . Just as elevated levels of eIF4E contribute to the development of a transformed cellular state, the reduction of eIF4E levels, using antisense RNA, has been shown to lengthen cell division times (12) . The results of these in vitro studies, which emphasize the importance of eIF4E in the regulation of the cell division cycle, have been extended to clinical observations: eIF4E amounts have been found to be elevated in some human carcinomas (16, 27) . eIF4F is targeted by several animal viruses in their attempt to control host translation for preferential viral mRNA translation. For instance, adenoviruses and influenza viruses affect the phosphorylation state of eIF4E (14, 66) . Encephalomyocarditis virus inactivates the initiation factor by enhancing 4E-BP1 binding (18) . Finally, picornaviruses induce the cleavage eIF4G, with the consequence that cellular mRNAs linked to eIF4E cannot interact with 40S ribosome complexes (22, 59) .
Although most of these observations relating to the role of eIF4E have been made in mammalian cells, the similarities in translation initiation in mammals, plants, and yeasts and the sequence homologies of different translation initiation factors (6, 17) suggest that the plant eIF4E plays as important a role as its mammalian homologue in the regulation of cellular pro-cesses. In this study, we investigated the interaction between the VPg of TuMV and eIF(iso)4E and its consequences for viral infection. We found that the cap analogue m 7 GTP competed with VPg for eIF(iso)4E binding. Furthermore, TuMV whose VPg was mutated at a single residue which abolished in vitro interaction with eIF(iso)4E was debilitated for viral infection in whole plants.
MATERIALS AND METHODS

Microorganisms and media.
Manipulations of bacterial as well as yeast strains and of nucleic acids and proteins were done by standard methods (19, 52) . Escherichia coli XL1-Blue was used for subcloning, and E. coli BL21(DE3) (Novagen) was used for protein expression. S. cerevisiae EGY48 (MATa trp1 his3 ura3 8op-Leu2) (19) was used for the interaction study.
Yeast two-hybrid system. Plasmids employed for the interaction study were as described by Golemis et al. (19) . pEG202 was used for the fusion of VPg and its derivatives to the DNA-binding domain of LexA. pJG4-5 was used to express eIF(iso)4E of A. thaliana (pSW56) (65) as a translation fusion to a cassette consisting of the simian virus 40 nuclear localization sequence, the acid blob B42, and the hemagglutinin epitope tag; expression was under the control of the GAL1 inducible promoter. The lacZ reporter plasmid was pSH18-34 containing eight lexA operators. Strength of the interaction was quantified using the ␤-galactosidase liquid assay (19) . ␤-Galactosidase units were calculated using the following equation: units ϭ 1,000 ϫ (optical density at 420 nm [OD 420 ] Ϫ 1.75 ϫ OD 550 )/(T ϫ V ϫ OD 660 ), where T is time in minutes and V is the volume of culture used in milliliters.
The pLex-VPg plasmids were constructed as follows. The region coding for VPg in plasmid pETPro/24 (30) was amplified by PCR using the 5Ј and 3Ј primer pairs listed in Table 1 . The amplified fragment was digested with BamHI and XhoI, ligated with similarly restricted pEG202, and introduced into E. coli XL1 and ultimately into S. cerevisiae EGY48. pEGVPg⌬ was produced by amplification of pETPro/24 with a first set of primers (Table 1) ; the amplified fragment was digested with EcoRI and XhoI and ligated into similarly digested pKS pBluescript I (Stratagene) to produce pKS-VPg3Ј. Plasmid pETPro/24 was also amplified with a second set of primers, and the amplified fragment was digested with BamHI and EcoRI and ligated in similarly digested pKS-VPg3Ј. This plasmid was digested with BamHI and XhoI, and the VPg-containing fragment was ligated into BamHI-and XhoI-digested pEG202.
Recombinant protein expression in E. coli and purification. Plasmid pETtag(iso)4EAt codes for eIF(iso)4E of A. thaliana and was produced by digestion of plasmid pSW56 with EcoRI and XhoI and ligation of the 0.7-kb insert with similarly restricted pET21a (Novagen). The resulting eIF(iso)4E is fused at its N-terminal end to the 11-amino-acid N-terminal peptide of the T7 gene 10 protein (T7 tag), which is recognized by the anti-T7 tag monoclonal antibody (Novagen). Plasmid pETtag(iso)4ETa codes for eIF(iso)4E of Triticum aestivum (wheat) and was produced by digestion of plasmid pGAG424/ eIF(iso)4E (a generous gift from K. S. Browning, University of Texas) with EcoRI and SalI and ligation with EcoRI-and XhoI-restricted pET21a. The resulting protein is fused at its N-terminal end with the T7 tag. Plasmid pETtag4EAt codes for eIF4E of A. thaliana and was produced by amplification of plasmid pET14b/eIF4E (kindly provided by C. Robaglia, Centre d'Énergie Atomique) with the primers listed in Table 1 ; the amplified fragment was digested with EcoRI and XhoI and ligated with EcoRI-and XhoI-restricted pET21a. The resulting recombinant protein is fused at its N-terminal end with the T7 tag. Plasmids were introduced into E. coli BL21(DE3). Recombinant proteins were purified as described earlier (65) .
VPgPro was purified as previously described (37) . VPg⌬Pro was produced as follows. pETPro/24 and pEGVPg⌬ were digested with NcoI and StuI. The 5.5-and 0.4-kb fragments from pETPro/24 and pEGVPg⌬ , respectively, were purified and ligated. The ligation product was introduced into E. coli XL1-Blue and ultimately into BL21(DE3). The recombinant protein was expressed and purified as described above for VPgPro.
ELISA-based binding assay. Purified VPgPro was adsorbed to the wells of an enzyme-linked immunosorbent assay (ELISA) plate (1.0 g/well) by overnight incubation at 4°C, and the wells were blocked with 5% Blotto in phosphatebuffered saline (PBS). Purified initiation factor was diluted in 1% Blotto in PBS with 0.2% Tween and was incubated for 1 h at 4°C with the previously coated wells. Detection of bound initiation factor was achieved as in the ELISA assays with the anti-T7 tag antibody and peroxidase-labeled goat anti-mouse immunoglobulin G (KPL). Wells were washed three times with 0.05% Tween between incubations.
Site-directed mutagenesis. PCR site-directed mutagenesis by the overlap extension method was done as described previously (24) . Primers used for mutagenesis are listed in Table 1 , and plasmid p35Tunos (53) was used as a template. Amplification was performed with the Pwo DNA polymerase (Roche).
Particle bombardment. Plasmid p35TuD77N was constructed by digesting p35Tunos (53) with ClaI and ligating the 3.8-kb fragment with similarly digested pKS pBluescript I (Stratagene), resulting in the recombinant plasmid pKSTunos/Cla. Plasmid pEGVPgD77N was digested with PmlI and SpeI, and the corresponding fragment was inserted into pKS-Tunos/Cla linearized with SpeI and partially digested with PmlI. This last construction was digested with ClaI, and the fragment was ligated back into p35Tunos. Proper assembly was verified by nucleic acid sequencing. Particle bombardment was done in the Biolistic PDS-1000/He instrument (Bio-Rad). Then, 7 g of DNA was mixed with 3 mg of gold particles in 2.5 M CaCl 2 and 0.1 M spermidine. This mixture was diluted 1:5 in ethanol, and 5 l was placed in the center of a 900-lb/in 2 rupture disk. Brassica perviridis plants at the two-leaf stage were used.
RESULTS
Interaction of VPg with eIF4E of A. thaliana and eIF(iso)4E of T. aestivum. Plants have two isomers of the cap-binding initiation factor, namely, eIF(iso)4E and eIF4E (7, 8) . A third factor was recently identified (51), but its involvement in translation initiation relative to the eIF4E isomers is unclear. Since both isomers of eIF4E participate in translation initiation, it was speculated that VPg would bind to both forms and to eIF(iso)4E from a monocotyledenous species such as T. aestivum (wheat). A. thaliana is a dicotyledenous plant and is infected by TuMV, whereas wheat is not a host of the virus. Interactions between the viral protein and these initiation factors were investigated using an ELISA-based binding assay. The initiation factors were produced in E. coli as recombinant CCATTCACGGAATTCACCCTTGTA AGTTACTCTCGAGGTCCACT pEGVPg GAACAGGAGGATCCTTAACA AGTTACTCTCGAGGTCCACT pEGVPg AAAGGCAGGATCCAAAGACAG GATCAAACTCGAGCATGTTA pEGVPg⌬ AAAGGCAGGATCCAAAGACAG a   CATGTTAATGAATTCCCTGTTCTT  CCATTCACGGAATTCACCCTTGTA  AGTTACTCTCGAGGTCCACT  pETeIF4EAt  TAATTTAGGGAATTCGGAGAAACA  GCAAAGATTCTCGAGGTTTCAAGC  pEGVPg F59A  CATGAAGCGGAATTCAAGAGGCAA  CTGACTGTTCTCGAGTGGCATTAT  AACAGGGCAATCAACATGTAT  ATACATGTTGATTGCCTTCCTGTT  pEGVPg Y63A  CATGAAGCGGAATTCAAGAGGCAA  CTGACTGTTCTCGAGTGGCATTAT  TTCATCAACATGGCCGGCTTTGAT  ATCAAAGCGGGCCATGTTGATGAA  pEGVPg D77A CATGAAGCGGAATTCAAGAGGCAA CTGACTGTTCTCGAGTGGCATTAT CGTTTCGTGGCGCCACTCACAGGA TGTGAGTGGCGCCACGAAACG pEGVPg D77E CATGAAGCGGAATTCAAGAGGCAA CTGACTGTTCTCGAGTGGCATTAT CGTTTCGTGGAGCCACTCACAGGA TCCTGTGAGTGGCTCCACGAAACG pEGVPg D77N CATGAAGCGGAATTCAAGAGGCAA CTGACTGTTCTCGAGTGGCATTAT CGTTTCGTGAACCCACTCACAGGA TCCTGTGAGTGGGTTCACGAAACG a Oligonucleotides on the same line were used in pairs, and amplified fragments were assembled as described in Materials and Methods.
proteins fused at their N-terminal end to the 11-amino-acid N-terminal peptide of the T7 gene 10 protein (T7 tag), which is recognized by an anti-T7 tag monoclonal antibody. The proteins were purified by m 7 GTP-Sepharose chromatography. ELISA plate wells were coated with 1.0 g of recombinant VPgPro (see protein purity in Fig. 2A , lane 1) and incubated with 2.0 g of the different initiation factors. VPgPro, a precursor form of VPg, was used because it is purified more easily than VPg in E. coli and because it had been shown that the Pro domain does not participate in eIF(iso)4E binding (65) . Complex formation was detected using anti-T7 tag antibodies. Figure 1 shows that VPgPro interacted most effectively with eIF(iso)4E of A. thaliana, and the level of that interaction was given as a relative value of 100 (lane 1). The interaction was specific for the viral protein since the initiation factor was not retained when wells were not coated with VPgPro (lane 5), nor was it retained with an E. coli lysate not containing VPgPro (65) . Figure 1 also shows that eIF4E from A. thaliana (lane 2) and eIF(iso)4E from wheat (lane 3) interacted with VPgPro. Once the OD values were corrected for background noise (i.e., the OD value obtained in the absence of initiation factors [lane 4]), the binding values of VPgPro to eIF4E from A. thaliana and eIF(iso)4E from wheat were 60 and 80%, respectively, of the binding to eIF(iso)4E from A. thaliana. This experiment indicated that the VPg of TuMV interacted with several initiation factor species, with similar binding affinities.
Mapping of the VPg interaction domain. Since VPg interacted with the different isomers of the initiation factor and since the interaction is likely to be important for all potyviruses, it was hypothesized that the VPg domain responsible for the eIF(iso)4E interaction would be conserved among different potyviral VPgs. The VPg domain involved in the interaction with eIF(iso)4E was mapped using the yeast two-hybrid system. Deletions in the VPg gene were made by PCR and were fused to the gene coding for the DNA-binding domain of LexA in pEG202. These recombinant plasmids were introduced into the yeast EGY48 strain, which contained either pJG4-5 (carrying the activation domain without insert) or pSW56 which codes for eIF(iso)4E of A. thaliana fused to the activation domain of pJG4-5. The lacZ reporter plasmid pSH18-34 was also present in the yeast cells. Interaction between the different deleted VPg domains and eIF(iso)4E was measured by ␤-galactosidase assay. The near-full-length VPg comprising amino acids 7 to 191 (VPg ) strongly interacted with eIF(iso)4E, providing on average 659 U of ␤-galactosidase activity ( Table 2) . No activity was measured when the initiation factor was omitted. VPg fragments comprising amino acids 7 to 63 (VPg 7-63 ) or amino acids 94 to 191 (VPg ) failed to interact with the initiation factor. However, the VPg fragment comprising amino acids 62 to 191 (VPg ) strongly interacted with eIF(iso)4E. This suggests that the region comprising amino acids 62 to 93 was involved in the interaction. This was confirmed by the deletion of amino acids 59 to 93 from VPg; this deletion mutant (VPg⌬ 59-93 ) exhibited extremely low levels of interaction (17 U of ␤-galactosidase).
The lack of interaction with eIF(iso)4E by VPg⌬ 59-93 could, however, have been the result of degradation of the fusion protein or lack of nuclear transport in the yeast. To test that this was not the case, in vitro binding assays with purified proteins were performed. The deletion mutant gene was subcloned in the plasmid pET21a and expressed as a Pro fusion (VPg⌬Pro) in E. coli. The protein was purified using the same procedure as for VPgPro. While VPgPro was purified as a 49-kDa species (Fig. 2A, lane 1 (Fig. 2B ). This experiment suggests that amino acids 59 to 93 of VPg are largely responsible for the binding of eIF(iso)4E. The 35 amino acids identified above are listed in Fig. 3 and were compared with the corresponding region of eight potyviruses. The comparison indicates that the region is highly conserved among the different potyviruses: of the 35 amino acids, 8 residues are identical for all listed viruses, 13 are identical for most of the listed viruses, and 7 residues belong to the same class.
Site-directed mutagenesis of the phenylalanine at position 59, the tyrosine at position 63, and the aspartic acid at position 77 of the VPg was undertaken to determine their importance for eIF(iso)4E binding. Phe59 and Asp77 are conserved in all listed potyviruses and are adjacent to other highly conserved residues; Tyr63 is the residue which is covalently linked to the viral RNA (39, 40, 47) . The VPg from an infectious TuMV cDNA clone (p35Tunos) derived from the UK1 strain (53) was used for these mutagenesis experiments since introduced mutations could be transferred back into infectious cDNA plasmids without introducing changes elsewhere in the viral genome. The VPg sequence of the Quebec and UK1 strains differ at several nucleic acid positions (mainly at position 3 of the codons) but differ by only four amino acid residues clustered in the middle of the protein. However, these residues are outside of the eIF(iso)4E binding region mapped above. The affinity of VPg from both strains for eIF(iso)4E of A. thaliana was similar, as determined with the yeast two-hybrid system (data not shown).
PCR site-directed mutagenesis by overlap extension was used to introduce substitutions, and the interaction of the VPg mutants with eIF(iso)4E was measured using the yeast twohybrid system. Here, a portion of Pro was introduced along with VPg in pEG202 for subsequent subcloning into p35Tunos. Mutants VPg F59A and VPg Y63A , which introduced alanine residues at positions 59 and 63, respectively, produced ␤-galactosidase activity levels similar to that of the wild-type VPg, indicating that their modification did not affect VPg interaction with the initiation factor (Table 3) . Mutants VPg D77A , VPg D77E , and VPg D77N , which introduced either an alanine, a glutamic acid, or an asparagine, respectively, at position 77, failed, however, to interact with the translation factor. The importance of the aspartic acid in the interaction is stressed by the fact that replacement with related amino acids such as glutamic acid and asparagine abolished binding.
Effect of m 7 GTP on the formation of VPg-eIF(iso)4E complex. eIF(iso)4E's role in the cell is to initiate assembly of the translation apparatus by binding to the 5Ј m 7 G residue of the mRNAs. In order to test whether the VPg and mRNAs would compete for eIF(iso)4E interaction, the influence of the cap analogue m 7 GTP on the formation of the VPg-eIF(iso)4E complex was tested. ELISA plate wells were coated with 1.0 g of recombinant VPgPro and incubated with 2.0 g of eIF(iso)4E and various concentrations of m 7 GTP. Complex formation was detected with anti-T7 tag antibodies. Figure 4A shows that increasing concentrations of the analogue progressively prevented the formation of the VPg-eIF(iso)4E complex. These concentrations appear to be physiologically relevant since m 7 GTP at 4 M greatly inhibited in vitro translation of RNAs in rabbit reticulocyte lysates (9) . The cap analogue m 7 GTP used at a concentration of 10 M inhibited complex formation by 60%, while GTP used at the same concentration had no effect on the formation of the complex. To determine what type of ligand relationship (i.e., competitive or noncompetitive) existed between VPg and m 7 GTP, ELISA plate wells were coated with 1.0 g of recombinant VPgPro and incubated with increasing concentrations of eIF(iso)4E in the absence or in the presence of 0.5 and 1.0 M m 7 GTP. Binding data were treated as enzyme kinetic data and were represented as a Lineweaver-Burk plot [i.e., 1/OD 492 versus 1/eIF(iso)4E] (Fig.  4B) . The experimental points were not expected to fall on a straight line since VPg and eIF(iso)4E are in the same concentration range, while in enzyme kinetics the substrate concentrations are much higher than the enzyme concentrations. Curves were fitted across the experimental points using leastsquare analysis, assuming a binomial equation of the following type: y ϭ ax Ϫ bx 2 ϩ c. The three lines crossed at a single point left of the y axis. Such a pattern is indicative of mixed-type noncompetitive ligand binding, meaning that VPg and m 7 GTP can simultaneously bind eIF(iso)4E, but the binding of one ligand decreases the binding affinity for the second ligand (56) . This binding relationship is depicted in Fig. 5 , where K 1 and K 2 are the dissociation constants for the respective complexes, and "a" is the factor by which the constants increase when the other ligand is already bound. Data of the type shown in Fig.  4B may be used to extract the dissociation constants (K d ) for the VPg-eIF(iso)4E and the m 7 GTP-eIF(iso)4E complexes (56) . When 1/[eIF(iso)4E] approaches zero (i.e., [eIF(iso)4E] Ͼ [VPgPro]), the bx 2 term becomes negligible and the equation is now y ϭ ax ϩ c and has the same form as the Line-
Using the values estimated for the constants a and c for each curve, the calculated K d for the VPg-eIF(iso)4E complex is 0.9 M, and the K d for m 7 GTP is 0.4 M. The dissociation constant for m 7 GTP measured here is slightly lower when compared with the K d of 2 to 9 M previously obtained for the dissociation of m 7 GTP with wheat eIF(iso)4E (57, 63) and can be explained by the different experimental procedures used to determine the constant value. Furthermore, the factor by which the K d of one ligand increases when the other ligand occupies its binding site is estimated to be 4.3.
Infection of whole plants. To determine if there is a correlation between the lack of in vitro interaction between VPg and eIF(iso)4E and debilitation of viral production, B. perviridis plants were infected with p35Tunos and p35TuD77N by particle bombardment. p35Tunos is an infectious cDNA clone of TuMV (53) , and p35TuD77N is a p35Tunos derivative which contained the D77N mutation in the VPg domain that abolished the interaction with eIF(iso)4E. After bombardment, the plants were kept under an 18-h light regime at 22°C. After 8 days, plants bombarded with the wild-type infectious plasmid showed initial vein clearing followed by systemic mosaic symptoms. After 20 days, 14 of the 15 plants thus bombarded showed full symptoms of TuMV infection. On the other hand, plants bombarded with p35TuD77N remained symptomless. The presence or absence of viral proteins was confirmed by immunoblot analysis using a rabbit anti-TuMV capsid serum. No immunoreactive signal was found in mock-bombarded plants (Fig. 6, lane 1) , while a strong signal of the expected molecular weight for the capsid protein was observed in plants bombarded with p35Tunos (lanes 2 and 3). No immunoreactive species were found in those plants bombarded with p35TuD77N (lanes 4 to 9).
DISCUSSION
Viruses use the cellular machinery for their replication, and this implies that viral proteins interact with proteins from the host. In this study, experiments were undertaken to investigate the biological importance of the interaction between the VPg of TuMV and eIF(iso)4E of A. thaliana. In A. thaliana, eIF4E and eIF(iso)4E share 70% identity in their amino acid sequence, and the identity between eIF(iso)4E from A. thaliana and from wheat is equally high at 70% (48) . This high sequence homology is found in other plant species as well (6) . The two factors are mechanistically equivalent for the translation process but exhibit differences in their ability to bind m 7 GTP and other cap analogues (8) , as well as in their expression in different organs (48) . Because of this homology in sequence and function, VPg binding to eIF4E and eIF(iso)4E from A. thaliana as well as to eIF(iso)4E from wheat was expected and indicated that it can take place in many cell types and plant species, both monocotyledenous and dicotyledenous. In addition, the identification of the VPg domain interacting with eIF(iso)4E in a conserved region among potyviruses suggests that this interaction exists with other potyviruses as well. Preliminary experiments with the VPg of tobacco vein mottling potyvirus and plum pox potyvirus showed that indeed they can interact with eIF(iso)4E of A. thaliana (M. G. Fortin et al., unpublished results). Interaction with various initiation factor isomers and the identification of the binding domain in a highly conserved region of the VPg are indications that the interaction plays an important role in the viral life cycle. This presumed important role is supported by the fact that a mutation in VPg which abolished the interaction with the translation factor in vitro debilitated viral infection in whole plants.
The ELISA-based binding experiments indicated that the initiation factor can simultaneously make a complex with VPg and m 7 GTP. Ligand binding showed negative cooperativity (i.e., one ligand decreases the affinity of the initiation factor for the other ligand). Lower ligand affinity can result from the binding of the first ligand physically hindering the binding of the second ligand. It can also be the consequence of eIF(iso)4E undergoing a conformational change, which is known to take place when eIF(iso)4E binds m 7 GTP (57). This binding cooperativity seems to be a feature of eIF4E to regulate its activity. For instance, binding of mammalian eIF4G to eIF4E increased the affinity of the latter for the cap analogue (22) , and the wheat germ poly(A) binding protein enhanced the binding affinity of eIF4E isomers for the cap analogue (63) . A consequence of negative binding cooperativity would be that the interaction of VPg with eIF(iso)4E can lower the affinity of the initiation factor for the cap structure of mRNAs in planta, which may lead to a decrease in host protein synthesis.
Interaction of plant viruses with the host translation machinery and its consequence on protein synthesis has not been intensively investigated (4) . Recently, inhibition of host gene expression has been associated with potyvirus replication. By examining the front of virus invasion in immature pea embryos infected with pea seed-borne mosaic potyvirus, decreased levels of host transcripts were observed (61), but not for all transcripts (5). Although no experimental explanation was provided, reduced transcript levels can result from an inhibition of transcription and/or from hydrolysis of mRNAs. However, transcript hydrolysis may be the consequence of inhibition of translation since there is a relationship between translatability and mRNA stability (1); it has been proposed that factors that stimulate translation initiation minimize the rate of entry of mRNA into decay pathways (26) . For instance, a cis-acting mRNA stability determinant is the m 7 Gppp cap. If less eIF(iso)4E is available for cap binding, the cap structure of mRNAs may become more susceptible to hydrolysis by decapping enzyme(s) (29) , which then leads to degradation by 5Ј33Ј exonuclease(s) (1, 26) . It remains to be seen if the interaction between VPg and eIF4E has any part to play in the observed inhibition of host gene expression during potyvirus infection.
This study showed that the ability of VPg to make a complex with eIF(iso)4E in vitro correlated with viral infection in planta. We are now attempting to elucidate the precise role of the VPg-eIF(iso)4E interaction in virus replication, i.e., whether VPg, when linked to viral RNA, can still bind the initiation factor and provide for the viral RNA a competitive edge over cellular mRNAs in translation initiation. FIG. 6 . Immunoblot analysis of B. perviridis plants bombarded with TuMV plasmid cDNA. After bombardment, plants were placed in a growth chamber for 10 days. Proteins were extracted from the new leaf emerging above the one bombarded, separated on a sodium dodecyl sulfate-polyacrylamide gel, transferred on a nitrocellulose membrane, and incubated with a rabbit anti-TuMV capsid serum. Lane 1, plant bombarded with gold particles not coated with DNA; lanes 2 and 3, plants bombarded with p35Tunos; lanes 4 to 9, plants bombarded with p35TuD77N; lane M, molecular mass standards.
